Introduction
In China most of the high-moisture cereal grain is dried with the sunlight and hot air. The sunlight drying often leads to uncontrolled overdrying and calls for considerable labour. Hot air drying is typified by highly priced fuel and fast drying tasks [1] . If not conducted properly, overdrying, excessive levels of stress cracks, and brittleness would occur in the hot air drying case [2] , which could reulst in undesired grain storage quality. In-bin drying provides an alternative to traditional sunlight and hot air drying if no fast drying task is required. During in-bin drying, near-ambient/lowtemperature air aeration for stored grain is conducted with selective use of heater to merit the drying process. Srzednicki and Driscoll [3] pointed out that drying with near-ambient air when the grain moisture content was below 18% w.b. could achieve more excellent grain quality compared with hot air drying. Moreover, in-bin drying could allow for important savings in terms of fossil fuel used [4] . During in-bin drying process, heat and mass transfer occurs between grain and intergranular air. From the viewpoint of process management optimization, a better understanding of drying process in terms of grain temperature and moisture is very essential.
Nowadays, with the development of computer, mathematical modeling and simulation are widely used in bioprocess engineering research, since they are less expensive and a time-saving alternative to field research [5] [6] . With mathematical models for grain in-bin drying, the following studies of stored grain drying can be carried out, (1) grain heat and mass transfer mechanism study to save time and reduce experimental investment; (2) in-bin drying system design using models as sources of expertise to provide advice; (3) simulating the grain and intergranular air temperature and moisture to substitute some real-time monitoring work, especially when the relevant sensors are not available; (4) used for drying control strategy simulation study to test the efficiency before starting experiments [7] [8] ; (5) controlling the in-bin drying operation and evaluating the effectiveness of the process management strategy with model simulation results [9] [10] .
When we use the already developed models to do the above studies, the following aspects of these models' ability for application are focused on, (1) whether the model is accurate enough to describe the grain heat and moisture changes; (2) whether the model is easy to be solved in terms of computer resources and time especially in the real-time conditions. To test the above abilities, it is necessary to apply the models in a real system for validation and comparison. That is the original intention of doing the study in this paper.
Sharp [11] generally put the low-temperature drying models into three categories, partial differencial equation (PDE) models, logarithmic (Log) models and equilibrium models. Generally, the classification of low-temperature can be used for in-bin drying classification. Among these models, the PDE model and Log model draw more attention.
The PDE models are composed by a set of partial differential equations. Most of the ever developed models that could be applied in in-bin drying were primarily aiming at simulating hot air drying and stored grain cooling processes. Two types of PDE model were used most. One type was based on the dried materials [12] and took the material moisture diffusion and heat conduction characteristics into account. Fick's diffution law and Fourier's law were often used to formulate the PDE equations [13] [14] [15] [16] [17] [18] [19] . The material-based PDE models were typical theoritical models. In this type of model, materials characteristics were considered to be the dominant ingredients to control the drying process and the grain bulk characteristics were usually taken as boundary conditions. This made it inadequant for kowledge of drying media heat and moisture which were also cared by some researchers. Moreover, coupled diffusion equations of this type were quite complex and did not lend themselves to easy solution. Another type of PDE model was based on the drying process [12] . These models were usually composed by three heat and moisture conservation equations and a drying rate equation. Grain and intergranular air temperature and moisture could be obtained simultanously. The drying rate equation can be either emirical or semi-empirical [7-8, 11, 20-22] . For in-bin drying, Sun [7] used the processbased PDE models for control strategy study. The model simulation results in terms of grain temperature and moisture content were compared with experimental data and achieved acceptable performance of model simulation. Sun [8] used the process-based model to simulate low-temperature stored grain aeration process in terms of heat and moisture changes. He compared the simulation results with a material-based model against experimental data and showed that the overall parameters were little affected by the choice of model. And the process-based PDE model was used for contorl strategy test considering model computation speed.
The Log model is a reduced model from the PDE models using the semi-emprical drying rate equations. The first significant work on modeling the low temperature drying process was that of Hukill. Then, Log models were developed and applied by many researchers mostly to low-temperature drying in stationary deep-bed [23] [24] [25] . The Log models were used with good success in analyzing and designing drying systems for ear corn as well as shelled corn and small grains [25] .
In this study, the process-based PDE model and Log model were applied to simulate grain in-bin drying process for its easier computation compared with material-based models and acceptable performance in the past reseaches. Another model we used in the in-bin drying simualtion for comparison with the process-based PDE model was Log model. An in-bin grain drying experiment was carried out on the automatic multi-function measurement and control system of grain storage (RP-AMMC system), which was developed for stored grain study. The simulation results of the two models were compared with the experimental one for accuracy test of the models. Then easy of use of the two models was also analyzed.
Materials and methods

Model description
Partial differential equation model
In deriving the process-based PDE model, several assumptions were made as described in Iguaz's paper [22] except that the biotic factors inside the bin were not taken into account.
The grain bulk inside the bin was longitudinally divided into N small control volumes. Heat and moisture conservations for air and grain were developed in a control volume as is shown in Figure 1 . Δx is the longitudinal length of the control volume. Based on the heat and mass transfer principles in a control volume during in-bin drying, a mathematical model was developed in the form of a set of partial differential equations.
(1) Drying rate equation The moisture conservation for the grain moisture content contained in each control volume on a dry matter (DM) basis is given by [26] : 
Where: K is the drying constant in s -1 which would be obtained by fitting data collected from several thin-layer drying experiments in the Digital Drying Tunnel (DG100D, Zhejiang, China) ; M ge is the grain equilibrium moisture content in kgkg -1 d.b. M ge was described by the modified Chung-Pfost equation [27] , coefficients of which would be obtained through experiment.
Where: T a was the air temperature in ℃; φ was the air relative humidity in %. P va is the vapor pressure in Pa and P vs is the saturation vapor pressure in Pa; P atm is the atmospheric pressure in Pa. P va and P vs were obtained by the following expressions [18] , where M a is the air moisture content in kgkg -1 . 
Where: W a is the air mass in each control volume in kg; W ca is the air mass flow rate entering the control volume in kgs -1 ; M a-in is the inlet air moisture content for each control volume in kgkg -1 ; W g is the grain mass in each control volume in kg.
V c is the volume of each control volume in m 3 . ψ is the bed void fraction.
Where: f a is the air velocity entering the cross section of control volume in kgm -2 s -1 .
(10) ρ g is the grain density in kgm -3 . Eq. (7) can then be written as:
(3) Heat conservation for control volume of grain Similar to the process how the above equations were obtained, the heat conservation for control volume of grain was as:
Application 
Where: c pa is the specific heat of air in Jkg -1 ℃ -1 .
Logarithmic model
Log model used here is the logarithmic model for deep-bed drying. Wang [28] used a Log model to simulate deep-bed drying process and the model calculation method was used in this paper.
The basis of heat and mass conservation could be expressed as follows [24] :
Where: T db was the dry bulb temperature of air; x was grain bed depth of certain grain layer; Q is the travel rate of drying zone in kgm -2 s -1 and could be expressed as follows:
The solution was improved by using an exponential form [24] : (20) Where: MR is the grain moisture content ratio; TR is the temperature ratio; M i is the Initial moisture content (d.b.); T i is the air temperature before drying zone; T e is the final equilibrium temperature between drying air and grain.
D F could be expressed as follows:
Where, k is the number of time steps and Δt is the drying time step. The parameters used in Log model were the same as that in the PDE models.
Experiment
The model validation experiment was carried out on the RP-AMMC system. Configuration of the RP-AMMC system is shown in Figure 2 . It included a phytotron, a grain bin, an aeration system, and a wireless control system. The phytotron was used to simulate different grain environments in terms of air temperature and relative humidity. A storage bin was localized in the phytotron centre. An aeration system was installed, consisting of a fan, several pipes, a valve, and two aeration panels with small holes (1.5 mm in diameter) distributed evenly all over them. Percentage of open area of one aeration panel was about 30%~40%. Size of each panel was 0.65 m in width, 0.8 m in length and 0.002 m in thickness. The aeration panels were fixed 0.1 m above the bin floor. The fan was controlled by a wireless sensor node and the PC monitoring software. On/off command of the fan and temperature and relative humidity of the phytotron could be set through the software interface. During drying, air inside the phytotron with a set temperature and relative humidity would flow into grain. Heat and mass transfer occurred between air and grain. Then the grain moisture content could be changed. When the fan was turned on, air was accumulated first under the panel and finally formed an evenly distributed pressure field between the panels and bin floor. Through the evenly distributed small holes on the panels, air flowed into the grain with the nearly same pressure. Due to the specific structure of the aeration system, grain temperature and moisture were generally considered to distribute uniformly in the lateral direction. . Grain samples were taken during the experiment. All the samples were weighed and then dried in the Electric Sirocco-blasting Drying Trunk (DHG-9140A, Shanghai, China) for about 3 hours under a temperature of 105 ℃. Dry matter of wheat samples was also weighed. Using the weights of wheat samples before and after drying, the grain moisture content could be calculated.
The drying air temperature and relative humidity forced into grain were set at 30 ℃ and 40% RH [1, 29] with a velocity of 0.052 kgm -2 s -1 . The initial wheat temperature was 20 ℃ and moisture content was 0.23 kgkg -1 . When grain heat and moisture changes could reflect the inbin grain drying characteristics in different positions, the experiment was stopped. Experiment duration was about 81 hours.
Model simulation
In both of the models, the drying constant K and equilibrium moisture content W ge were the main factors that influenced the simulation accuracy and they were obtained through experiment method. Other parameters in the models were from literatures [17, 21, 29] . All parameters were shown in Table 1 . Both of the PDE model and the Log model were solved through programming in the MATLAB environment on a PC. The finite difference method was used for PDE model. The parameters for model simulation conditions were similar to that of the experiment. Simulation time was 81 hours. Figure 3 illustrates the changes of simulated and measured grain moisture content at the four measurement positions inside the storage bin when the grain was subjected to forced-air drying. Figure 4 illustrates the changes of simulated and measured grain temperatures. For the PDE model and Log model, most of the simulated moisture contents were lower than the measured results. That may be due to the insufficient precision of the parameters for rewetted grain. The simulated temperature curves of both the PDE model and the Log model show similar trends as the experimental data despite the noticeable deviation. Grain moisture content decreased to its equilibrium moisture content at 30 and 40%. The simulation equilibrium moisture content for ℃ both models was 7.66% d.b., and the experimental value was around 7.5%. Grain temperature changed from the bottom to top of the bin and finally reached near to the inlet air temperature 30 . ℃ Moisture content and temperature of grain near to the aeration panels changed first and rapidly in both experiment and simulation. In Figure 3 , moisture content at 0.4 m at about 20 hours reached a peak and then decreased, while the same phenomenon didn't appear in the simulated curves. Similar unexpected peak was observed in Figure 4 at 0.1 m at about 40~45 hours. That's because inlet drying air temperature and relative humidity deviated from the set points in the experiment. For Figure 4 , measurement errors might exist. Measurement accuracy of the Infrared Radiation Thermometer was 1 which might enlarge the measurement error. ℃ To quantify the model simulation capacity, statistical analyses were performed. Table 2 and 3 showed the average absolute difference D a and the standard error E s between measured and simulated data. D a and E s were calculated in the following expressions [22] . Where Y gmi was the measured result of sample i; Y gsi was the simulated result of sample i; n was the sample number. The grain moisture content and temperature were simulated by PDE and Log models with average standard errors of 1.2% d.b., 0.9% d.b., 0.7 ℃ and 0.6 ℃, respectively. The sources of deviation between predicted results and experimental data can be summarized as, (1) mismatch of the empirical equations in the model with real experimental ones, (2) the insufficient precision of the parameters for rewetted grain, and (3) the measurement error.
Results and discussion
In many drying simulation studies, the difference between the measured and predicted parameter was within 10-15% of the experimental results [20] . Thus, the two modeling methods can be used to simulate the heat and moisture changes during in-bin drying with good performance. For the semi-empirical drying rate equation was used or reduced in both the models, simulation accuracy was more dependent on the accuracy of empirical parameters. With more accurate empirical parameters such as drying constant and equilibrium moisture content, both models will achieve very good accuracy. Using the two models, further studies could be carried on, such as heat and moisture parameter prediction, in-bin drying process control and optimization of aeration system design and operation.
In terms of easy of use, the PDE model had to be solved with numerical method and required more computer resources and time for the numerical calculation process. While the Log model was simple and could be used without complex computer calculation methods. For calculation of the Log model, it took no more than 3 seconds. However, for calculation of the PDE model it took more than 10 hours with a time step of 5 seconds on the same PC. Although using a larger time step would help to accelerate the calculation process, it would decrease the model simulation accuracy. Thus, in terms of calculation time and computer resources, the Log model is easier to use and is more applicable in the real-time simulation situation for in-bin drying.
Conclusions
In this paper, two models were used to simulate dynamic heat and mass transfer during in-bin drying. Computer simulation program was developed in MATLAB to solve the two models. The models were validated by comparing the simulated results with experimental one. Both the models could simulate the changes of grain temperature and moisture content during in-bin drying with good accuracy. The average standard errors of Log model were 0.9% d.b. and 0.6 ℃ for moisture content and temperature, of the PDE model were 1.2% d.b. and 0.7 ℃. Calculation of the PDE model required more time and computer resources. The Log model is easier to use especially for the real-time simulation situation.
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